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Memory-Enhanced Noiseless Cross Phase Modulation 
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Using a gradient echo memory, we experimentaUy demonstrate cross phase modulation (XPM) 
between two optical pulses; one stored and one freely propagating through the memory medium. We 
explain how this idea can be extended to enable substantial nonlinear interaction between two single 
photons that are both stored in the memory. We present semi-classical and quantum simulations 
along with a proposed experimental scheme to demonstrate the feasibility of achieving large XPM 
at single photon level. 



The optical Kerr effect is present in most materials but 
only becomes significant with very intense optical fields 
and/or long interaction times. In the limit of extreme 
nonlinearity, individual photons could be persuaded to 
interact strongly with one another and induce cross-phase 
modulation (XPM). This kind of interaction is the basis 
of the control-not gate and phase-not gate that lie at 
the heart of quantum computing algorithms In 
addition, a large XPM can also be used for generation 
of cluster state as building block of one-way quantum 
computing [3[, as well as nonlinear optical switching Q. 

To date, there have been various proposals aimed at 
bringing this strong interaction to existence. Optical 
fibers are an attractive XPM medium [5]. While they 
may not be highly nonlinear, the interaction times can 
be extended simply by using longer fibers. Unfortunately, 
the fast response time of optical fibers makes it impossi- 
ble to temporally mode match two co-propagating single 
photons [6]. Even if the nonlinearity is large, the near- 
instantaneous response of the medium implies that only 
a small and randomly distributed portion of the single 
photon wave packet experiences the phase shift [7] . 

Another method of facilitating long interaction time 
for XPM is via light interaction with an atomic ensemble. 
Electromagnetically induced transparency (EIT) based 
XPM exploits slow-light effects in an atomic ensemble to 
enhance the nonlinear interaction of light fields via the 
ac-Stark effect [H. A phase shift almost two orders of 
magnitude larger than that in optical fibers has been ob- 
served using EIT [9]. It has, however, been theoretically 
demonstrated that EIT-based XPM suffers from severe 
loss in regimes where large phase shifts are expected [lo| . 
Moreover, self phase modulation (SPM) poses a funda- 
mental limit to the fidelity of the output states prj . 

Memory-based XPM offers a solution to the tempo- 
ral mode-matching issue. One pulse can be stored in 
the atomic coherence while a second pulse propagates 
through the memory medium allowing for XPM [12]. In 
this paper, we first report a proof of principle experi- 
ment that shows existence of XPM inside a Raman gra- 
dient echo memory (A-GEM) 0. We then propose a 
more elaborate scheme that can potentially allow large 
XPM between single photons simultaneously stored in 



the memory. 

In the A-GEM scheme, a weak optical field is coher- 
ently Raman coupled into the spin coherence of an ensem- 
ble of three- level atoms using a strong coupling field |13| . 
A linearly varying ground-state splitting is applied using 
a magnetic field gradient, 77, such that the light pulse is 
decomposed into its constituent Fourier frequencies that 
are then stored longitudinally along the storage medium. 
Reversing the sign of the gradient will time-reverse the 
absorption leading to a coherent photon echo. This stor- 
age scheme has been proven to be versatile, efficient and 
noiseless [14]. 

To understand the dynamics in GEM, we use a polar i- 
ton that is a superposition of the electric field, f , and 
atomic spin coherence, (J12, in the spatial Fourier do- 
main [l5|, defined as '^(t, k) = kS{t^ k)-\-JVQc/ ^0-12 {t, /c), 
where k is the spatial frequency, JV is the effective linear 
atomic density, A is the Raman detuning from the ex- 
cited state, and is the couphng field Rabi frequency. 
During storage, the polar iton evolves to higher /c- values 
at a rate proportional to rj. When using GEM for XPM, 
it is the polariton that will be phase shifted, leading to a 
phase shift of the photon echo on recall from the memory. 

There are three properties of the polariton that are 
important to the following discussion: i) The Fourier 
transform of the Maxwell equation gives kS{t^ k) = 
M(Ji2{t^k)Vtc/ ^ [15]. Because the spin coherence has 
a constant amplitude during storage, the Maxwell equa- 
tion implies that 8 is inversely proportional to k. ii) The 
polariton can be stopped in /c-space by switching 77 to 0. 
For a pulse stored with 77 = 0, the group velocity of the 
optical field is found to be Vg = gM /k'^iVtc/ - iii) The 
polariton is purely atomic, \£\ = 0, when the coupling 
field is off. 

The experimental setup is shown in Fig. [1] (a). A cou- 
pling field and a weak probe field were combined using 
a ring resonator and sent into a 20 cm long gas cell of 
^^Rb mixed with 0.5 Torr of Kr buffer gas. The gas 
cell was housed inside a pair of solenoids that generate 
switchable magnetic field gradients. After the memory, 
the coupling field was suppressed using a ^^Rb gas cell 
and the probe beam was measured using heterodyne de- 
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FIG. 1. (a) Schematic experimental setup. The probe field 
(Sp) is shifted by 6.8 GHz with respect to the coupling field 
(Sc) using a fiber-coupled electro-optic modulator (FC-EOM) 
and is combined with the coupling field using a ring cavity. 
The signal field (Ss) is counter-propagating with other beams. 
The inset shows the atom-light interaction scheme, (b) Het- 
erodyne data showing normalized amplitude of the modulated 
phase reference, input and echo probe pulses. The top trace 
shows the switching protocol of the coupling field intensity. 
Traces (i) (blue) and (ii) (red) show the amplitude of 8p mea- 
sured at the output of the memory without and with the 
signal pulse, respectively. Trace (ii) is taken 60 /xs after (i) 
and overlapped using the reference pulse as a timing signal. 



tection (see Ref. [14] for more experimental details). 

The probe was stored for approximately 15 /is while 
the coupling field was switched off. During that time, 
a signal field generated from a diode laser and detuned 
by ^3 ^ 2 GHz from F = 2 ^ = 3 of ^'^Rb D2 line 
was sent through the memory. This field was counter- 
propagating with respect to the probe and coupling fields 
to avoid measurement contamination. The signal field 
gives rise to an ac-Stark shift of the spin coherence. On 
recall, therefore, the stored probe field will be phase 
shifted proportional to the strength and duration of the 
signal field. To measure the size of the phase shift, we ran 
two storage experiments in quick succession, without and 
with the signal field, as shown in Fig. [1] (b) (i) and (ii) 
respectively. A phase reference for the two recalled probe 
pulses was provided by a pulse that passed through the 
memory cell 10 /is before the start of each experiment. 
This reference pulse then allowed us to compare the re- 
called probe phase with and without the signal field, as 
indicated in the figure. 

To verify that this phase shift is due to a nonlinearity 
in the memory, we measured the phase shift as a function 
of the signal field Rabi frequency, as shown in Fig. [2fa), 
where the solid line represents the theoretical expectation 
calculated [12] using 0xpm = ^s^3'?"/2(7^ + ^3)5 where 
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FIG. 2. (a) Nonlinear phase shift as a function of signal pulse 
Rabi frequency. The solid line is the predicted theory curve, 
(b) Phase shift for different signal pulse Rabi frequency as a 
function of peak intensity of the probe pulse normalized to 
the reference pulse. 

= 9\^s\ is the signal field Rabi frequency and r is its 
duration. Crucially, our scheme has no measurable SPM, 
as shown in Fig. [2] (b), where the recalled probe phase is 
seen to be independent of the probe intensity. 

It is interesting to compare our scheme to EIT, since 
the atomic medium and experimental setup are very simi- 
lar. It has been shown theoretically that EIT based XPM 
suffers from self-phase modulation and severe loss in the 
regimes where large phase shifts are expected [10]. This 
is because some frequency components of one light field, 
lying outside the EIT window interact with all the com- 
ponents of the other light field thus driving the system 
out of the dark state. In our scheme, the bandwidth of 
the GEM can be tuned to match the bandwidth of the 
probe field without otherwise changing the inherent non- 
linearity of the system. 

Based on the experimental data presented in Fig. [2] (a), 
we estimate a phase shift on the order of 10~^^ rad for 
signal and probe fields containing single photons. In our 
experiment, the large detuning of the signal field (2 GHz) 
severely reduces the available nonlinearity, but it is nec- 
essary due to the large Doppler broadening of thermal 
atoms. In fact, even with this detuning the scattering 
due to the signal field leads to substantial loss of the 
atomic coherence. In Fig. [IJb), for example, the probe 
recall is reduced from 53% to 7% by the signal field. In 
cold atomic ensembles [12] this detuning could be reduced 
by two orders of magnitude allowing two orders of mag- 
nitude larger phase shift. Even if larger phase shifts can, 
in principle, be achieved using cold atomic samples, this 
particular nonlinear interaction scheme might not be use- 
ful for single photon interactions. The signal field is not 
stored in the memory, meaning that the interaction time 
with the probe will be limited. We will now analyze a 
scheme in which the probe and signal fields are simul- 
taneously stored in a double-GEM system. As before, 
the origin of this XPM is the ac-Stark effect, but the the 
available phase shift can be increased by increasing the 
interaction time. 

The Rb level structure and nonlinear interaction 
scheme between two photons stored inside the memory 
are shown in Fig. [3] (a). The two fields (with Rabi fre- 
quencies of gSp and g£s) are stored independently in two 
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FIG. 3. (a) Schematic atomic level structure of ^^Rb show- 
ing a scheme for the proposed nonlinear interaction. The 
probe Sp and signal Ss pulses arrived at different times are 
independently mapped to atomic coherence |1)(2| and 1 1^(2^1 
using two coupling fields Qc and respectively. The signal 
field can modifies the phase of the atomic coherence |1)(2| via 
the ac-Stark effect, (b) The total atomic coherence in spatial 
Fourier space {k) and time representing the evolution of two 
atomic fields ink — t plane. The gradient field is switched off 
during Ti=8<t<T2 = 18. The top part of the figure shows 
the coupling field switching protocols. 



atomic spin coherences, ai2 and cfi'2' ^ using two coupling 
fields with Rabi frequencies of Vtc and Vt'^. 

The scheme works as shown in Fig. [3] (b). The probe 
and signal enter the medium consecutively. By timing the 
two couphng fields, each pulse is independently mapped 
into distinct polaritons. These modes propagate in oppo- 
site directions in /c-space due to the opposite sign of the 
m/ in the hyperfine states. The evolution of the two po- 
laritons is stopped at a constant k by switching r] to zero 
soon after the signal pulse enters the medium. The cou- 
pling field for the probe is then switched off mapping the 
polariton into the spin coherence <Ji2. The couphng field 
for the signal is left on, ensuring a photonic component 
of this polariton that will give rise to an ac-Stark shift 
of the probe. The maximum available interaction time is 
proportional to the medium length and inversely to the 
group velocity of the signal light. After a controllable in- 
teraction time, the frequency gradient and coupling field 
Vtc can be switched to recall the probe, which will be 
phase shifted due to the interaction with the signal field. 



We now analyze the system with both semi-classical and 
quantum simulations. The interaction Hamiltonian of 
the system with level scheme depicted in Fig. [3] (a) can 
be written as 

^g^scr^'v + K^3'2' + H.c]dz (1) 

where Gij are the collective atomic spin operators, g is 
the atom- field coupling constant, N is total number of 
atoms in the interaction volume and L is the ensemble 
length. We numerically solve the Maxwell-Bloch equa- 
tions in semiclassical regime by replacing operators by 
c- numbers. The phase of the coherence a 12 after the in- 
teraction time is then given by 

and the loss rates of cri'2' and ai2 are given by 7(r^^/A')^ 
and \g£s{t — '?"i)p7/(7^ + ^4)7 respectively. Our semi- 
classical numerical simulation predicts a phase shift of 
about 0.02 mrad per photon after interaction time of 
15/7. We observed that the XPM is invariant with 
the probe amplitude, again showing immunity to SPM. 
To characterize the system in quantum regime we per- 
form quantum simulations by solving the master equa- 
tion numerically. It is assumed that initially a pho- 
ton is encoded in a coherence between |1) and |2) so 
the initial state of the atomic system becomes pat = 
l/2(|l')(l'| + |^o){^o|), where |^o> = (|1> + |2))/v^. 
The initial state of the incoming signal photons is 
then given by pph = |0p, V^s)(Op, where = 
(|0s) + />/2, giving the total initial state p(0) = 

Pat ^ Pph- 

Next, we solve the master equation including terms de- 
scribing decoherence due to the spontaneous decay from 
the excited states [HI . From the resulting density opera- 
tor, the conditional phase shift between a single photonic 
qubit in mode s and polaritonic qubit encoded in atomic 
coherence Ii/jq) is calculated as a function of interaction 
time. Results for the conditional phase shift and the 
accompanying gate fidelity are shown in Fig. |4] (a) for 
a set of parameters closely corresponding to the experi- 
ment. We note that the predicted phase shift here is of 
the same order of magnitude as in the semiclassical sim- 
ulation. To obtain a more general characterization of the 
gate process, we analyze a point where the time of inter- 
action is 15/7, and perform quantum process tomogra- 
phy [17] which, in effect, averages over all possible input 
states of the two qubit system. The result, in the form of 
a Choi matrix (x), is shown in Fig. HJ^b). The ideal gate 
operation Choi matrix is shown in Fig. 2] (b'). The pro- 
cess fidelity, defined as trace overlap = TT{xideai ' x} 
is calculated to be ~85%. In the proposed scheme, the 
far-detuned interactions as well as tuneability and con- 
trol over the strength and duration of the interaction 
could potentially resolve the temporal mode-matching is- 
sue associated with other proposed XPM schemes such 
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FIG. 4. (a) Conditional Phase shift 0. The following pa- 
rameters were used = = 2O7, photon bandwidth^ 7, 
A = A' = 30Qc, S4 = 2O7, g = O.O857. The light is cou- 
pled to the atomic medium with gi3 = qVN ^ g24 — g and 
5'!' 3' = gVN, where gij is the effective coupling strength be- 
tween \i) N — 10^ is the number of atoms. For time 
t < 10/7 the system is in the transient regime, (b) Choi 
matrix representing quantum tomography of the gate oper- 
ation inside the memory. The Choi matrix of an ideal gate 
operation is also shown in (b^). 

as EIT. Although the nonlinear phase shift for the pro- 
posed scheme is smaller than tt, the current scheme can 
be used to implement parity or phase gates where the 
strength of the coherent states can offset the weakness of 



the nonlinearities [H, • 

There are also routes to further enhancement of the non- 
linearity. In particular, the interaction strength is lim- 
ited by the storage of the signal field which still has a 
non-zero group velocity in the memory. The applica- 
tion of a counter-propagating coupling field for the signal 
field would allow stationary trapping of the signal light. 
The physics of the trapping light in this case is simi- 
lar to stationary light generated in an EIT medium that 
has previously been experimentally demonstrated 0. 
The stationary light in GEM is generated through an 
off-resonance interaction and therefore suffers less loss 
compared to the EIT case. The study of stationary light 
in GEM is beyond the scope of this work and will ap- 
pear in future publications. Our simulations also sug- 
gest that XPM on the order of tt at single photon level 
might only be feasible in cavity BEG systems [20] due to 
their small atom-light interaction volume, large coupling 
strength and long coherence times. 

We conclude by noting that, in addition to the demon- 
strated efficient quantum storage and capability to arbi- 
trarily manipulate optical pulses, the versatility of GEM 
can be extended to implement a parity gate from which 
CNOT gate can be constructed [18]. The lack of SPM 
and the demonstrated noiseless high efficiency storage in 
our scheme suggests that the proposed method could be 
a potential candidate for implementing practical XPM 
between single photons and it can be applied to various 
concepts of quantum information. 

We thank John Close, Andrew White and Andre Gar- 
valho for enlightening discussions. This research was con- 
ducted by the Australian Research Council Centre of Ex- 
cellence for Quantum Computation and Communication 
Technology (project number CEl 10001027) and Centre 
of Excellence for Engineered Quantum Systems (Project 
number CE110001013). 



[1] G. J. Milburn, Phys. Rev. Lett. 62, 2124 (1989). 

[2] S. G. Louis, K. Nemoto, W. J. Munro, and T. P. Spiller, 

New J. of Phys. 9, 193 (2007). 
[3] H. J. Briegel and R. Raussendorf, Phys. Rev. Lett. 86, 

910 (2001); R. Raussendorf and H. J. Briegel, ibid. 86, 

5188 (2001); P. W. et al., Nature 434, 169 (2005). 
[4] W. E. W. et al., Optics Communications 50, 256 (1984). 
[5] N. Matsuda, R. Shimizu, Y. Mitsumori, H. Kosaka, and 

K. Edamatsu, Nature Photonics 3, 95 (2010). 
[6] J. H. Shapiro, Phys. Rev. A 73, 062305 (2006). 
[7] J. H. Shapiro, New J. of Phys. 9, 16 (2007). 
[8] H. Schmidt and A. Imamoglu, Opt. Lett. 21, 1936 (1996). 
[9] H.-Y. L. et al., Phys. Rev. Lett. 83, 041804 (2011); B.- 

W. Shiau, M.-C. Wu, C.-C. Lin, and Y.-C. Chen, ibid. 

106, 193006 (2011). 
[10] J. Gea-Banacloche, Phys. Rev. A 81, 043823 (2010). 
[11] L. G. Joneckis and J. H. Shapiro, J. Opt. Soc. Am. B 10, 

1102 (1993). 

[12] Y.-F. Chen, C.-Y. Wang, S.-H. Wang, and L A. Yu, 
Phys. Rev. Lett. 96, 043603 (2006). 



[13] G. Hetet, J. J. Longdell, A. L. Alexander, P. K. Lam, 
and M. J. Sellars, Phys. Rev. Lett. 100, 023601 (2008). 

[14] M. Hosseini, B. M. Sparkes, G. Hetet, J. J. Longdell, 
P. K. Lam, and B. C. Buchler, Nature 461, 241 (2009); 
M. Hosseini, B. M. Sparkes, G. Campbell, B. C. Buchler, 
and P. K. Lam, Nat. Commun. 2, 174 (2010); M. Hos- 
seini, B. M. Sparkes, G. Campbell, P. K. Lam, and B. C. 
Buchler, Nat. Phys. 7, 794 (2011). 

[15] G. Hetet, J. J. Longdell, M. J. Sellars, P. K. Lam, and 
B. C. Buchler, Phys. Rev. Lett. 101, 203601 (2008). 

[16] D. Walls and J. Milburn, Quantum Optics (Springer, 
Berlin, 1994). 

[17] G. Benenti and G. Strini, Phys. Rev. A 80, 022318 
(2009). 

[18] W. J. Munro, K. Nemoto, and T. P. Spiller, New J. of 

Phys. 7, 137 (2005). 
[19] M. Bajcsy, A. S. Zibrov, and M. D. Lukin, Nature 426, 

638 (2003). 

[20] Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, 
D. Hunger, and J. Reichel, Nature 450, 272 (2007). 



